Strain effects an HgTe-CdTe superlattices grown on CdTe substrates G. Y. Wu and T. C. McGHI California Institute a/Technology, Pasadena, California 91125 (Received 21 January 1985; accepted for publication 2 July 1985)
The effects of strain on the band structure, the band gap, and optical properties of the superlattice grown on CdTe substrates are discussed. The presence of strain modifies the band gap and optical properties of the HgTe-CdTe superlattice in a minor way. However, strain does change the band structure as compared to that in the unstrained superlattice. For wave vectors perpendicular to the layers, the top of the valence band is more light-hole-like in contrast to the unstrained case where the top of the valence band is more heavy-hole-like. For wave vectors parallel to the layers, the bands remain unchanged.
HgTe-CdTe supedattices have been proposed as new infrared materials with band gaps and optical properties adjustable by changing composition and layer thickness. 1.2 Experimental studies of the properties of these superlattices are now under way.3-5 In a previous paper we reported the first theoretical calculation of the optical properties of HgTeCdTe superlattices at zero temperature." In this letter we assumed that the strain was zero.1> However, the lattice constants of HgTe and CdTe are not exactly the same (d HgTe = 6.462 A and d CdTe = 6.482 A), 7 and hence there is lattice mismatch in the superlattice. Generally speaking, the layers in the superlattice may be strained with essentially no misfit defect generation if the layers are sufficiently thin and the difference in lattice constants of component materials is less than a few percent.
8 -IO Superlattices have been grown both on CdTe and CdZnTe substrates. The CdZnTe substrates are chosen to near lattice match the HgCdTe. The superlattice grown on CdTe produces the largest strain in the HgTe since the HgTe will be under maximum strain and CdTe will be unstrained. This case is the one we are considering here. The strain in the HgTe-CdTe superlattice creates a band gap in the HgTe and hence converts the semi metallic HgTe into a semiconductor. The same phenomenon was found in a-Sn and has been explained by Cardona. II The conversion of HgTe layers is expected to have effects on the properties of the HgTe-CdTe superlattice. In this letter we present a study of strain effects on the band structure, the band gap, and optical properties of the HgTe-CdTe superlattice at zero temperature.
Our theoretical calculations are based upon the secondorder k·p method with spin-orbit splitting included. Details regarding the application of a full zone k.p method to superlattices with no strain have been given dsewhere. 12 For the present calculation, only the two bottom conduction bands and the six top valence bands in each bulk are induded in the basis set. In other word, Kane's eight-band modell3 is applied to superlattices. 6 Following the common anion argumentI.14.1~ and in keeping with the observations of Guldner et al,5 we assume that the valence-band offset is zero.
In . However, characteristics of isotropic bulk bands were introduced into the present second-order k·p method setting both Y2 and Y3 to the average of Y2 and Y3 listed above and setting q to zero. This adjustment of parameters is consistent with available data. 17 It reduces the dimensionality in our problem by one and thus allows us to simpl.ify computations.
To study strained-layer superlattices, we modified the Hamiltonian for an undeformed bulk by adding to it deformation potentials. For zinc-bliende crystals, the bulk Hamiltonian within the eight-band model is an 8 X 8 matrix composed of one 2 X 2 and one 6 X 6 matrix corresponding to s-like and p-like orbitals. We followed Pikus and Bir l8 in dealing with strain terms in the 6 X 6 matrix. Three independent parameters a, b, and d are used to specify deformation potentials. The parameter a represents the uniform shift of energy bands originating from p-hke orbitals while band d are shear deformation potentials. On the other hand, within the 2 X 2 matrix, we need one parameter C to describe the uniform displacement of energy bands associated with s-like orbital.s. Strain terms in matrix elements between s-like and p-like basis functions are of higher order and hence were neglected. 19 We shaH concentrate our study of strain effects on experimental superlattices grown on CdTe substrates. The lattice constant of the overaII superlattice structure is that of the CdTe; the strain is in the HgTe layers only. Therefore, deformation potentials of HgTe are finite, but those ofCdTe are zero. The elastic constants of HgTe relating stress to strain were given by Apler and Saunders20; C II = 5. 92N 1m c= -y/x + a = -1.geV, where x = 3/(C 11 + cd = 2.11 X 1O-6 /bar. Diagonalization of the companion matrix of the bulk Hamiltonian results in a complex band structure for the bulk. In the case of the superlattice grown on an (Ill) CdTe substrate, we found that HgTe becomes an indirect-gap semiconductor under the strain in the superlattice. In IJM) representation 312,312) and! 3/2, -3/2) become the valence bands while 13/2,1/2) and 13/2, -112) become the conduction bands. The conduction-band minimum still sits at the zone center. The valence-band maximum occurs at k which is perpendicular to the z axis, namely, the superlattice growth direction. The separation between the conduction band and the valence band is 13 meV at zone center. The indirect gap is 5 meV. We may thus anticipate a shift in energy of some of the subbands of the superlattice by about 10 meV. The band structure of HgTe under the strain in the (00 1) superlattice has also been calculated. The separation between the conduction band and the valence band is 20 meV at zone center. The indirect gap is 6 meV.
Having obtained the complex band structure for eac:h bulk, we expand the superlattice wave functions in terms of the solutions to the bulk Hamiltonian corresponding to a given energy and wave vector parallel to the superlattice interfaces. Both the wave function and its derivative are required to be continuous across the interface, and the wave function is required to satisfy Bloch's theorem. These boundary conditions resu:tt in a superlattice band structure.
The results of this band-structure calculation have been used to fit energy bands and interband momentum matrix elements with polynomials of wave vectors. Then, we adopted an interpolation scheme similar to that used by Raubenheimer and Gilat2 4 to calculate the imaginary part of the dielectric function with the electric field polarized paranel and perpendicular to the interface €~ (liJ) and ~ (liJ), respectively.
In Fig. 1 , we show the band structures at zero kll for the superlattice grown on a (111) CdTe substrate. There are 180
A ofHgTe and 44 A of CdTe in each unit cell of the superlattice. This particular superlattice was chosen, since it was the one studied by Guldner et al. 5 On the left of Fig. 1 , we show the band structure for the unstrained superlattice with zero band offset. The structure agrees with the result of Guldner et al. 5 The band gap is near zero. The top two valence subbands are accidentally degenerate due to the choice of zero value for the band offset in our calculation. The highest valence subband is derived from 13/2,112) and 13/2, -1/2) light hole bands of HgTe and CdTe, and the second valence subband is related to 13/2,3/2) and 13/2, -3/2) heavy-hole bands of HgTe and CdTe. As shown on the right of Fig. 1 , the band structure for the strained superlattice shares some common features with that of the unstrained one. The strained supedattice has a direct band gap. The band gap is about zero. The effective masses of the electron and the hole are about 0.002m e , and the effective mass of the heavy hole is about 2m, for the motion perpendicular to the layer. The effective mass of the electron is about O.OO7m, for the motion parallel to the layer. These va.i1ues are comparable to those for the unstrained superlattice. However, interesting differences are observed in the strained superlattice band structure. The degeneracy of the two subbands is lifted. The separation between the two valence subbands is lOme V. The upper valence subband is light-hole-like while the lower one is heavy-hole-like for the motion perpendicular to the layer. For the motion parallel to the layer, the effective mass of the hole of the upper valence subband is O.05m. which is larger than that of the lower one, 0.OO6m •. We have also studied the band structure of the (001) strained superlattice of the same composition which has a band structure similar to that of the (111) strained superlattice. The band gap is 2 meV. The separation between the two valence subbands is 14 me V. We would like to stress that the band structure plotted here for the strained superlattice is qualitatively different from what (meV) is calculated under the conditions of zero strain and 4O-me V offset by Guldner et al. 5 Guldner et al. 5 obtained an inverted valence-band structure of which the upper band is the heavyhole one. Consequently. the effective masses of the subbands occur in different order in the two cases. The detennination of the valence-band offset from a magneto-optic experiment by adjustment of the band offset to fit data to various transitions among Landau levels depends on the effective masses of the subbands. Therefore. the difference in the order of the effective masses may lead to a new value of the band offset. Interpretation of magneto-optic data. including strain. is suggested and will be the subject of a future publication.
In Fig. 2 . we present the band structures at zero kll for the (111) superlattice consisting of alternating layers of 70.6
A of HgTe and 70.6 A of CdTe. The band structure of the unstrained superlattice with zero band offset is shown on the left of Fig. 2 . The band gap is about 0.1 e V. The top two valence bands are degenerate in our calculation. The band structure of the strained superlattice is shown on the right of Fig. 2 . The strained superlattice bas a direct band gap. The highest valence subband is light-hole-like and the second valence subband is heavy-hole-like for the motion perpendicular to the layer. This superlattice has a band gap which is 3 meV less than that in the unstrained superlattice. The two valence subbands are separated by 7 meV. The effective masses of the electron for motions perpendicular and parallel to the layer are about O.lm. and 0.03m •• respectively. For the motion perpendicular to the layer. the hole of the first subband has an effective mass O.06m. while that of the second subband has one about me' For the motion parallel to the layer. the hole of the second subband has an effective mass about 0.08m. while that of the first subband has a larger one about O.Sm, Strain effects on the band gap are not big for a thin-layer superlattice such as tbe one discussed here. Shift on the order of lOme V in some of the energy bands is caused by the strain. For tbe (001) superlattice of the same composition. the band gap is 95 meV. and the two valence subbands are separated by 12 meV.
In Fig. 3 we show the imaginary part of the dielectric constant for the electric field polarized! parallel to the layers. £~ (w). for the superlattice whose band structure is plotted on the right of Fig. 2 between the second valence band and the conduction band begins to contribute to £2' Only direct transitions are included in the calculation. Since the superlattice is direct, the largest contribution will come from the direct transitions. Hence. we expect the inclusion of indirect transitions will make a small change in the results which are obtained. Results given here are similar to what was obtained in our previous calculation which assumed zero strain. 6 We again found! that £2(W) of the superlattice under the strain is comparable to that ofthe HgCdTe anoy with the same band gap.
In summary, we have studied the influence of strain on existing HgTe-CdTe superlattices grown on CdTe substrates. We found that the strain makes changes in the band energies on the order of 10 me V. The changes in the optical properties and band gaps ofsuperl.attices with gaps near 100 meV are found to be small. However. for superlattices with thicker layers of HgTe or for transport properties. the changes in the band structure could be very important. For most of the superlattices of interest for infrared detector application out to 20 j.lm. the strain effects result in small changes in the band gap and imaginary part of the dielectric constant. Hence. the results previously reported 2 ,6 are changed only slightly by strain.
The authors gratefully acknowledge the support of the Army Research Office under contract No. DAAG 29-83-K-0104. One of us (TeM) wishes to acknowledge a discussion with R. C. Farrow of Westinghouse Corporation that led him to consider the effects of strain.
IJ. N. Schulman and T. C. McGill, Appl. Phys. Lett., 34,663 (1979) .
